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We report the observation of weak localization of seismic waves in a natural environment. It
emerges as a doubling of the seismic energy around the source within a spot of width a wavelength,
that is several tens of meters in our case. The characteristic time for its onset is the scattering mean
free time, that quantifies the internal heterogeneity.
PACS numbers: 91.30.Fn, 42.25.Dd, 46.40.Cd, 91.30.Tb
Weak localization (WL) is a manifestation of inter-
ference of multiply scattered waves in disordered me-
dia. It was first introduced 20 years ago in quan-
tum physics to explain novel features in the electronic
magneto-resistance at low temperatures [1–3], and ini-
tiated a genuine explosion of mesoscopic physics. The
discovery of WL constituted the desired counter-example
of the one-century old assertion that multiple scattering
of waves destroys wave-phenomena, reducing it conve-
niently to classical radiative transfer, where waves are
treated like hard spheres colliding with obstacles. In op-
tics [4–6] and in acoustics [7] the effect is better known
as coherent backscattering, where it was shown to be an
accurate way to measure transport mean free paths or
diffusion constants. This feature finds its origin in the
constructive interference between long reciprocal paths
in wave scattering [8, 9]. This enhances the probability
to return to the source by a factor of exactly two, that
results in the local energy density enhancement by the
same factor. In seismic experiments we expect WL to
appear as an enhancement of seismic energy in the vicin-
ity of a source [10, 11].
In the heterogeneous Earth the wave propagation be-
comes complex and wave scattering results in a ”seis-
mic coda” [12], which forms the tail of the seismograms.
The coda is not always processed, because it is believed
not to contain any structural information that is easily
extractable using standard imaging techniques. Never-
theless, coda energy decay is widely recognized to be
sensitive to the regional geological environment. Dur-
ing the last two decades, radiative transfer was success-
fully introduced to model the energy decay of coda waves
[12]. It describes the transport of the wave energy in
space and time, but does not take into account phase
information. Radiative transfer predicts the equiparti-
tion of waves among different modes [13] which has been
∗To whom correspondence should be addressed; E-mail:
Ludovic.Margerin@ujf-grenoble.fr
FIG. 1: Experimental setup. Solid and dashed arrows illus-
trate reciprocal scattered wave paths.
observed [14], leading to new approaches for processing
coda waves [15, 16]. However, the WL effect has never
been observed in seismology. The aim of this work is to
show the relevance of mesoscopic physics to seismology
and its necessity to interpret observed seismic records.
In this paper we present the first observation of WL of
seismic waves.
The seismic experiments were undertaken at the Puy
des Goules volcano (central France). Volcanoes are
known to be very heterogeneous and might guarantee
multiple scattering [17]. A sketch of the experimental
set-up is displayed in Figure 1. We have measured the
vertical ground motion using a linear array of 23 geo-
phones. The ground motion is the result of a sledge-
hammer strike at time t = 0 on a 20 cm×20 cm alu-
minum plate which was repeated 50 times for each loca-
tion. The impact is a vertical, reproducible force in the
15 Hz − 30 Hz frequency range, and can be considered
20 1 2 3 4
−1
0
1
Ve
lo
ci
ty
 (n
orm
.)
(a)
0 1 2 3 4
−0.5
0
0.5
Ve
lo
ci
ty
 (1
0−3
)
(b)
−1 0 1 2 3 4
0
1
5−1/2R
(t)
time (second)
(c)
FIG. 2: (a) Example of vertical ground motion signal si at the
source location. (b) Zoom into the coda. (c) The cumulative
ratio R as a function of time, calculated from Eq. 1. R ≈
1√
5
indicates that the record is dominated by random noise,
whereas R ≈ 1 indicates that the record is strongly dominated
by deterministic waves produced by the impact.
as a narrow impulse in time and space. Because the re-
ceivers are placed at the free surface, the detected waves
are both bulk waves (with either compressional or trans-
verse polarization) and surface waves (Rayleigh waves
with elliptical polarization), each propagating at its own
velocity. The wavelengths λ are roughly ranging from 9
m (30 Hz Rayleigh waves) to 40 m (15 Hz compressional
waves). A typical record is presented in Figure 2.
The first 0.5 s of the 3 s signal is composed of direct
and simply reflected waves, which are traditionally used
in seismic prospecting. In this work we will process the
average energy of the subsequent seismic coda. The iden-
tification of WL must be accompanied by a close study
of different kinds of noise that contaminate the seismic
record. In the following discussion we separate the ambi-
ent noise from the one generated by the operator of the
hammer, and identify the mesoscopic regime where noise
is negligible. Since ambient noise is generated by meteo-
rological phenomena (like wind) and human activity, the
experiments were conducted at night and under anticy-
clonic conditions. This background noise is stationary
and random. All geophones were buried at 20 cm depth
to reduce the acoustic signal transmitted by the air and
to improve their coupling with the ground. The operator
noise is coming from the person manipulating the ham-
mer who is subject to residual movements just before and
after the hammer strike. This noise is difficult to sepa-
rate unambiguously from the signal, because it is local
and non-stationary and could be misinterpreted as WL.
Fortunately, biophysical studies have revealed that the
reproducibility of human motion is limited to frequen-
cies lower than 10 Hz [18]. This suggests that the noise
produced by the operator can be considered as random
in our frequency band.
We study the sum of M signals si(t) produced by re-
peated strikes at the same location. Each signal results
from N = 10 strikes that were automatically stacked in
the field. We expect both the ambient and the human
noise to add up incoherently (∝ √M) while the seismic
signal deterministically generated by the impacts should
add up coherently (∝M). We analyze the time-evolution
of the signal-to-noise ratio using the cumulative index R,
R(t) =
√√√√√ 1
M
〈
[∑M
i=1 si(t)
]2
〉
〈∑Mi=1 s2i (t)〉 . (1)
The brackets denote an average over one oscillation pe-
riod T ≈ 40 ms. The ratio R(t) takes its maximum
value 1 for a perfectly deterministic signal and equals
1/
√
M for pure random noise. Figure 2-c shows an ex-
ample of R(t), computed for M = 5 signals recorded at
the source position. It confirms the randomness of the
operator noise (t < 0) and the deterministic nature of
the seismic signal. Between 0 and 2 s, R(t) always ex-
ceeds 90% which enables the processing of the coda with
excellent signal-to-noise ratio.
The WL effect finds its origin in the interference of
reciprocal, multiply scattered waves, that leads to an en-
hancement of ensemble-averaged energy of exactly two
at the source. Its observation requires the fulfillment
of four conditions. Some receivers must be placed less
than one wavelength from the source (interference condi-
tion). Given the vertical force as a source, we must study
the energy E(t) associated with the vertical seismic mo-
tion as a function of source-receiver distance (reciprocity
condition) [11, 19]. Thirdly, waves must have the time
to scatter at least twice (multiple scattering condition).
Finally, enhancement is expected to occur only for the
ensemble-averaged energy because speckles, i.e. random
interference patterns, dominate in a single profile. Be-
cause of its random nature the speckle is suppressed by a
configurational average while the deterministic WL effect
survives. The only average conceivable in seismology is
one over source and receiver positions for a fixed source-
receiver distance ∆r. For a diffuse field the correlation
length is λ/2 [20], which implies that a different config-
uration is probed when the whole set-up is moved over
more than one wavelength, thus providing us with 12 in-
dependent source-receiver configurations.
To evaluate the spatial enhancement of energy S(∆r)
we normalize the average energy 〈EC〉 around the source
by its measured average value 〈ED〉 sufficiently far away
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FIG. 3: Energy ratio S(∆r) around 20 Hz as a function of
source-receiver distance ∆r for three different lapse times.
The WL effect sets in at a time of roughly 0.7 s, and is fully
stabilized at 1.7 s.
(15 m) from the source where the energy density is inde-
pendent of the source-receiver distance ∆r. The theoret-
ical prediction for S(∆r) at the free surface of an elastic
body was obtained in [19]. Since Rayleigh waves likely
dominate at the surface, this rigorous expression can be
approximated by the profile predicted for 2D random me-
dia [21],
S(∆r) ≡ 〈EC〉〈ED〉 ≈ 1 + J
2
0 (2pi∆r/λ) , (2)
where λ is the wavelength of the dominating Rayleigh
waves and J0 the Bessel function. Note that for the near-
field regime the size of the WL spot is independent of
lapse time, contrary to the far field regime [7]. The en-
ergy distribution E(t) at each sensor is integrated over
one sliding window of one cycle duration. The dynam-
ics is studied by analyzing the signals in non-overlapping
time windows of 0.4 s duration. In each window, E(t)
is normalized at each time t by the maximum over the
array, and then averaged over the 12 configurations with
equal ∆r. This procedure compensates for the exponen-
tial decay of the total energy, and provides an unbiased
average over the different strikes. Finally we integrate
the normalized, averaged energy 〈E(t,∆r)〉 over the en-
tire time window. S is then computed from Eq. (2).
In Figure 3 we plot the seismic energy around 20 Hz
measured in the coda as a function of source-sensor dis-
tance, and for three specific 0.4 s windows. Around 0.3 s
only simply reflected waves are recorded and no energy
enhancement is visible around the source. The remaining
fluctuations are ascribed to the incomplete suppression of
speckle. As from 0.7 s, WL is observed with a gradually
increasing enhancement factor at the source. After 1.7 s
the profile including the enhancement factor 2 has sta-
bilized, as predicted by the theory for WL in the near
field. Therefore, we attribute this enhancement to WL.
According to Eq. (2) the spot has a spatial extent equal
to the wavelength λ. This gives the estimate c = 260
m/s for the phase velocity of the Rayleigh waves around
20 Hz. Since at least two scattering events are necessary
to generate the enhancement effect, the rise of the en-
hancement factor corresponds to the transition from the
simple to the multiple scattering regime. It was verified
in numerical studies [10] that the characteristic time gov-
erning the rise of the enhancement factor is the scattering
mean free time τ . We thus conclude that this important
time scale is of the order of 0.7 s around 20 Hz. For
a velocity c = 300 m/s this implies a scattering mean
free path ` ≈ 200 m. We emphasize that this parameter
is very difficult to measure with traditional techniques
based on attenuation studies because absorption is hard
to separate from scattering effects.
We have finally studied the frequency dependence of
WL. To this end, the seismograms were filtered in 3 con-
secutive frequency bands, and the energy profiles were
computed as above, though now averaged over the entire
coda that exhibits the stabilization of the enhancement S
(Figure 4). Three different WL widths are observed. The
values for the wavelengths estimated from a fit to Eq. ( 2)
have been indicated. We have separately measured the
wavelength of Rayleigh waves from a dispersion analysis
of direct arrivals in the original records. Both estimates
of the wavelength are consistent and indicate a signifi-
cant dispersion due to the depth dependence of elastic
properties. As a result, the spatial width of WL depends
non trivially upon frequency. Future studies might even
reveal the frequency dependence of the scattering mean
free path `, which would provide precious information on
the nature of the heterogeneity.
In conclusion, we have observed weak localization of
seismic waves in a shallow volcanic structure, both in
space and time. The observation is in good agreement
with the near-field theory for weak localization, which
predicts a size of one wavelength for the enhancement
spot. The study of this effect turns out to offer a unique
opportunity to measure the scattering mean free time
without the bias of absorption. We found an estimate of
200 m for the mean free path for seismic waves around
20 Hz. Though relatively easy to set-up, our experiment
reveals the mesoscopic nature of seismic waves that have
travelled many kilometers. As has been the case in nano-
physics and in colloid physics, mesoscopic physics may
open up new fields of investigation and application in
seismology.
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FIG. 4: Observed energy ratio S(∆r) (solid lines) for three
different frequency bands. The dash-dotted lines represent
the theoretical prediction (Eq. 2) fitted for the wavelength λ.
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